The hypothesis that intracellular generation of reactive oxygen species in hepatocytes or reticuloendothelial cells may cause ischemia-reperfusion injury was tested in isolated perfused livers of male Fischer rats. GSSG was measured in perfusate, bile, and tissue as a sensitive index of oxidative stress. After a preperfusion phase of 30 min, the perfusion was stopped (global ischemia) for various times (30, 120 min) and the liver was reperfused for another 60 min. The bile flow (1. 48±0.17 ,il/min X gram liver weight), the biliary efflux of total glutathione (6.54±0.94 nmol GSH eq/min X g), and GSSG (1.59±0.23 nmol GSH eq/min X g) recovered to 69-86% after short-term ischemia and to 36-72% after 2 h of ischemia when compared with values obtained from control livers perfused for the same period of time. During reperfusion, the sinusoidal efflux of total glutathione (16.4±2.1 nmol GSH eq/min X g) and GSSG (0.13±0.05 nmol GSH eq/min X g) did not change except for an initial 10-30-s increase during reperfusion washout. No increased GSSG secretion into bile was detectable at any time during reperfusion. The liver content of total glutathione (32.5±3.5 nmol GSH eq/mg protein) and GSSG (0.27±0.09 nmol GSH eq/mg protein) did not change significantly during any period of ischemia or reperfusion. We conclude, therefore, that at most only a minor amount of reactive oxygen species were generated during reperfusion. Thus, reactive oxygen species are unlikely to cause ischemia/reperfusion injury in rat liver by lipid peroxidation or tissue thiol oxidation.
Introduction
Ischemia/reperfusion-induced tissue injury is a major pathophysiological process responsible for severe organ damage in important human health problems, such as myocardial infarction, stroke, and organ transplantation (1) . There is evidence that reactive oxygen species may play a role in ischemia/reperfusion injury in various organs, i.e., liver (2) (3) (4) (5) (6) , heart (7, 8) , intestine (9) , kidney (10) , and brain (1 1). The mechanism of reactive oxygen generation through superoxide formation as proposed by McCord (12) involves the enhanced degradation of adenosine to hypoxanthine during ischemia as well as the conversion ofthe cytosolic enzyme xanthine dehydrogenase to xanthine oxidase (13) , which uses oxygen instead of NAD+ as electron acceptor. Since the oxygen concentration in tissue is extremely low during the ischemic period, the metabolism of hypoxanthine by xanthine oxidase is inhibited due to the lack ofthe second substrate ofthis reaction. Upon reflow, oxygen is available and formation of reactive oxygen species could take place, causing reperfusion injury.
However, hepatocytes and endothelial cells (14) as well as other cell types contain very effective protection mechanisms against reactive oxygen species, i.e., superoxide dismutase and glutathione peroxidase. The biliary and sinusoidal export of GSSG is a well-established and sensitive indicator of oxidative stress in vivo (15, 16) and in the isolated perfused rat liver (17, 18) . If relevant amounts of reactive oxygen species were formed at any time during the reperfusion period, an increased formation of GSSG in the liver would be expected.
We therefore have measured the effects of ischemia and reperfusion on the formation and effilux of GSSG in the isolated perfused rat liver to test directly the hypothesis that reflow to previously ischemic tissue causes production of sufficient quantities of reactive oxygen species to produce structural cell damage. Although leukocyte activation may be an important factor in reflow injury, we chose a leukocyte-free system for the present study to test the hypothesis that reflow to ischemic liver causes the hepatic generation of reactive oxygen species and that these reactive intermediates are produced in sufficient quantities to kill hepatocytes. The results reported here indicate a minimal, if any, enhancement ofthe formation of GSSG by the liver. Thus, no evidence was found for intracellular generation of amounts of reactive oxygen species by hepatocytes or endothelial cells during global ischemia and reperfusion of the liver likely to be sufficient quantitatively to exceed cellular protective defenses against reactive oxygen injury.
Methods
Isolated perfused rat liver. Male Fischer 344 rats (180-230 g) were purchased from Harlan Sprague-Dawley Inc. (Houston, TX) and allowed free access to food (Wayne rodent chow) and tap water. After anesthetizing the animals with pentobarbital (50 mg/kg i.p.) the livers were perfused as described previously (19, 20) with hemoglobin-and albumin-free Krebs-Henseleit bicarbonate buffer (pH 7.4, 37°C) gassed with carbogen (95% 02, 5% CO2). The perfusate was pumped through the livers with a peristaltic pump at a constant flow rate of 3.0-3.5 ml/min X g liver weight in a single pass mode. The bile duct was cannulated with PE 10-tubing and bile was collected in preweighed test tubes containing 4% sulfosalicylic acid in 10-min The validity ofthe method and viability criteria ofperfused rat liver have been described and discussed in detail (20) (21) (22) . The viability of the livers was checked by measurement of the lactate dehydrogenase (LDH)' efflux (< 2 mU/min X g liver weight at 30 min), the lactateto-pyruvate ratio (five to six at 30 min), and the bile flow.
Methods. Total soluble glutathione (GSH and GSSG) was measured in bile, perfusate, and in acidic homogenate from freeze-clamped livers by the method of Tietze (23) . For the determination of GSSG a volume of bile, perfusate, or liver homogenate was mixed immediately after collection or preparation with 10 mM N-ethylmaleimide (NEM) in 100 mM potassium phosphate buffer (pH 6.5) as described in detail (15) . To separate GSSG from NEM and NEM-GSH adducts, an aliquot of the solution was passed through a C18-Sep-Pak cartridge (Waters Assoc., Div. of Millipore Corp., Milford, MA) followed by 1 ml of buffer (15) . GSSG was determined in the combined eluates by the methods of Tietze (23) . Hepatic ATP in the acidic homogenate of freeze-clamped liver, LDH, lactate, and pyruvate in the perfusate were determined according to standard tests (24) .
Statistics. nmol GSH eq/min X g (total glutathione efflux), and 1. 1 1±0.25 nmol GSH eq/min X g (GSSG efflux) at the end of the experiment (n = 5). When livers were reperfused after 30 min of global ischemia ( Fig. 1) , bile flow recovered to -95% and total glutathione efflux and GSSG efflux into bile recovered to values of -70% (P < 0.05) within 30 min when compared with control livers perfused for the same period of time. No increased GSSG efflux into bile was observed. The sinusoidal efflux rates ofGSH and GSSG were increased only during a short washout period and returned to control values after 30 s without any further change (Fig. 1 ). When the ischemic period was extended to 120 min, a tremendous swelling of the liver, i.e., a 40% increase in liver weight, occurred during the first 60 s, and continued during the first few minutes of reperfusion. Accordingly, no bile flow was detectable (Fig. 2) . After 5 to 10 min, when the liver had returned to normal size, i.e., preischemic weight, bile flow recovered to 72% (P < 0.05), the biliary glutathione efflux to 55% (P < 0.05), and GSSG efflux to 36% (P < 0.05) of control values within 1 h of reperfusion. All values are compared statistically with control livers perfused for 90 min. As after short-term ischemia, no increased biliary GSSG 1 . Abbreviations used in this paper: LDH, lactate dehydrogenase; NEM, N-ethylmaleimide. Bile flow and hepatic glutathione efflux after 30 min ischemia. Each liver was preperfused for 30 min. After a global ischemia period of 30 min, the livers were reperfused for another 60 min. The total glutathione efflux (given as GSH equivalents) and the GSSG efflux (given as GSH equivalents) into bile (top) and perfusate (bottom) is shown (mean±SD, n = 4). *P < 0.05 compared with controls.
efflux was observed (Fig. 2) . The sinusoidal efflux rates ofGSH and GSSG were enhanced during the washout period (0-30 s after starting reperfusion). Although the GSSG efflux declined rapidly and returned to control values as after 30-min ischemia, the GSH efflux stayed increased for several minutes and then gradually returned to control efflux rates (Fig. 2) . The LDH release was similar to the GSH efflux ( Fig. 3 ) in that LDH release after short-term ischemia was increased during the washout phase (30 s) and returned to control values within 5 min. No significant liver cell damage (evaluated as enhanced LDH release) was observed during the 60 min of reperfusion. Long-term ischemia, however, caused a greater release of hepatic LDH that declined but did not return to basal values and again rose rapidly within 30 min of reperfusion, indicating severe cell damage at this time (Fig. 3) . The close correlation between sinusoidal GSH efflux and LDH release in the early phases of reperfusion after long-and shortterm ischemia is shown in Fig. 4 in a higher resolution presentation of the initial reperfusion period. The peak efflux rates of LDH and GSH (2 h ischemia) occurred at the time of the maximum liver weight gain (40% higher than preischemic liver weight), indicating an enhanced leakiness of cell membranes possibly due to mechanical stress. In contrast, GSSG efflux from the liver did not correlate with LDH efflux and liver weight gain (Fig. 4) . The reason for the considerable uptake of water into liver cells might be due to a hyperosmolar state The total glutathione efflux (given as GSH equivalents) and the GSSG efflux (given as GSH equivalents) into bile (top) and perfusate (bottom) is shown (mean±SD, n = 5). *P < 0.05 compared with controls.
secondary to the accumulation of metabolites, e.g., glucose and lactate. Indeed, during the first 10 min of reperfusion, the control efflux rates of glucose (1.0-1.5 ,mol/min X g liver weight) and lactate (1.0-1.2 ,umol/min X g) increased dramatically. After long-term ischemia, peak values of 60-80 ,umol/ min X g (glucose) and 10-12 umol/min X g (lactate) were measured after 30 s with a gradual decline to control efflux rates afterwards. There is evidence that the secretion ofGSSG out ofvarious cell types is a carrier-mediated transport that requires ATP (25) (26) (27) (28) (29) . Because the hepatic ATP levels are significantly reduced during ischemia and do not recover totally upon reperfusion (5), the GSSG secretion of the liver might be impaired due to the lack ofATP. Therefore, we investigated the degradation and resynthesis of ATP during various ischemia/reperfusion periods. As shown in Fig. 5 , the hepatic ATP content dropped exponentially to -17% of controls after 30 min of ischemia and to 10% of controls after 120 min. However, after starting reperfusion the ATP content recovered rapidly and reached a new equilibrium within 15 min, although these new ATP levels were significantly lower than the values measured before ischemia for the same livers. Tissue GSH and GSSG concentrations did not change significantly during any period of ischemia and reperfusion when compared with controls perfused for the same period of time (Fig. 6) .
Because no increase in hepatic GSSG efflux into bile nor accumulation of GSSG in the liver was detectable upon reoxygenation, a solution of a superoxide-generating compound was infused to ensure that the protective mechanisms against reactive oxygen species were still operative. After 30 min of ischemia, the infusion of diquat into the liver to provide an intracellular oxidative stress resulted in a massive efflux of GSSG into bile and perfusate (Fig. 7) . The average total effilux of GSSG from the liver during reperfusion was 18.2±3.1 nmol GSH eq/min X g liver weight. The time course of the LDH release, however, was identical to the 30-min ischemia experiments shown in Fig. 3 . After 1 h of continuous oxidative stress in livers subjected to ischemia and reflow, LDH efflux rates of 21.3±1.8 mU/min X g were measured. Diquat infusion also caused a significant increase ofthe tissue GSSG content as well as a significant decrease of the hepatic GSH levels (Fig. 6) . Short-term infusion of t-butyl hydroperoxide (200 ,uM for 10 min) during the reperfusion period after 30 min or after 120 min of ischemia resulted in total hepatic GSSG efflux rates of 33±2 nmol GSH eq/min X g, also without affecting the LDH release significantly (data not shown). Control and previously ischemic livers responded quantitatively for 30 min with the same GSSG efflux rates to oxidative stress induced by diquat (Jaeschke, H., C. V. Smith, and J. R. Mitchell, unpublished observation).
Discussion
The objective of the present study was to investigate the hypothesis that intracellular generation of reactive oxygen spe-1242 H. Jaeschke, C. V. Smith, and J. R. Mitchell (Fig. 4) ; (b) Metabolites like glucose and lactate, which accumulated only to a lesser part extracellularly, showed a different efflux pattern. Lactate and glucose efflux increased during the first 20 s of reperfusion, had a maximum between 20 and 30 s, and declined gradually during the first 10 min. Thus, it is unlikely that the initial GSSG efflux represents intracellular GSSG. On the other hand an up to tenfold higher GSH efflux into the perfusate was observed during the initial period of reperfusion after long-term ischemia. The enhanced GSH efflux paralleled an increased LDH effilux and the swelling ofthe liver, indicating a nonspecific leakage of hepatocytes, perhaps due to the mechanical stress. Since reperfusion is slower and thus liver swelling and GSH efflux is much more extended after hepatic ischemia in vivo, these findings may explain the elevated concentrations ofGSH and GSSG observed in vivo in plasma but not in bile (34) . Activation ofleukocytes also could explain the observed increase in GSSG in the vascular compartment, but not in bile in vivo.
The toxicity of reactive oxygen species is well known (35) , and leads to damage of various biomolecules (36). Lipid peroxidation in particular has been discussed as a possible mechanism of chemical-induced acute hepatotoxicity in vivo (37) (38) (39) (40) (41) (42) . Since reactive intermediates can alter biomolecules through multiple mechanisms, the contribution of reactive oxygen species, thiol oxidation, and lipid peroxidation to cell necrosis is difficult to evaluate. However, studies with the superoxide-producing agents diquat (41) (42) (43) and paraquat (44) and infusion of various peroxides into the isolated perfused rat 1244 H. Jaeschke, C. V. Smith, and J. R. Mitchell ( 17, 45, 46) , demonstrate clearly that the rat liver is able to withstand a large amount of oxidative stress without significant damage (evaluated as enhanced LDH release, reduced bile flow, reduced secretion of glutathione, and increased concentration of lipid peroxidation products).
The present study confirms and extends these observations. A simulation of the oxygen radical hypothesis, i.e., the massive intracellular generation of superoxide during reperfusion of a previously ischemic liver, revealed no additional cell damage (LDH release) or impaired organ function (bile flow, GSSG secretion). An average hepatic GSSG release of -10 nmol GSSG/min X g during diquat infusion is the consequence of -360 nmol GSSG/min X g formed within the hepatocytes. These calculations are based on the t-butyl hydroperoxide infusion experiments: an infusion rate of 600 nmol peroxide/min X g resulted in an efflux rate of 17 nmol GSSG/min X g (=2.8%), assuming total uptake ofthe peroxide into the liver (46) . Thus, during the 1-h infusion period of diquat, -720 nmol X 60 min = 43 ,mol superoxide per gram liver was generated and detoxified without damage to the liver. If one assumes that the short washout of GSSG at the beginning of the reperfusion period (Figs. 1, 2 , and 4) does not represent extracellularly oxidized GSH, but actually indicates an intracellular oxidative stress, the average efflux rate of -I nmol GSSG/min X g during 30 s would then be the result of -0.036 ,umol superoxide per gram liver formed inside the cells. Therefore, it seems very unlikely that this small oxidative stress could produce structural damage of the liver, when a more than three orders of magnitude higher reactive oxygen formation after diquat administration (or after t-butyl hydroperoxide) does not affect the viability of the reperfused liver.
The significance of the present observations is not simply the lack of oxidative stress responses during ischemia-reflow injury in the isolated perfused rat liver, but the additional evidence that the methods used readily detect subtoxic oxidant stress responses. The data presented here make it highly unlikely that sufficient quantities of reactive oxygen species are generated to overwhelm endogenous defense mechanisms. Thus, the hypothesis that xanthine oxidase, located in parenchymal and in endothelial cells, causes ischemia-reflow injury in the liver by massive generation of superoxide (2) (3) (4) (5) (6) 12) is not consistent with our data. The cell damage and impaired organ function after ischemia-reflow seen in the leukocytefree isolated perfused rat liver is less severe than after the same hepatic ischemic period in vivo, where massive cell necrosis was observed (34, 47) . This implicates an important additional unknown process in the pathogenesis of ischemia-reflow injury, perhaps involving activation of leukocytes or reticuloendothelial cells as potential sources of superoxide production.
In summary, the present study showed that global ischemia and reperfusion cause impaired organ function and cell damage (evaluated as enhanced LDH release) in rat liver without significant GSSG generation. We conclude, therefore, that at most a minor amount of reactive oxygen species may be generated during reperfusion. Thus, oxygen radicals are unlikely to cause ischemia/reperfusion injury in rat liver by direct structural damage through lipid peroxidation or tissue thiol oxidation.
